Six kinds of new insertion sequences (ISs), IS667 to IS672, a group II intron (Oi.Int), and an incomplete transposon (Tn8521oi) were identified in the 3,630,528-bp genome of the extremely halotolerant and alkaliphilic Oceanobacillus iheyensis HTE831. Of 19 ISs identified in the HTE831 genome, 7 were truncated, indicating the occurrence of internal rearrangement of the genome. All ISs except IS669 generated a 4-to 8-bp duplication of the target site sequence, and these ISs carried 23-to 28-bp inverted repeats (IRs). Sequence analysis revealed that four ISs (IS669, IS670, IS671, and IS672) were newly identified as belonging to separate IS families (IS200/IS605, IS30, IS5, and IS3, respectively). IS667 and IS668 were also characterized as new members of the ISL3 family. Tn8521oi, which belongs to the Tn3 family as a new member, generated a 5-bp duplication of the target site sequence and carried complete 38-bp IRs. Of the eight protein-coding sequences (CDSs) identified in Tn8521oi, three CDSs (OB481, OB482, and OB483) formed a ger gene cluster, and two other paralogous gene clusters were found in the HTE831 genome. Most of the ISs and the group II intron widely distributed throughout the genome were inserted in noncoding regions, while two ISs (IS667-08 and IS668-02) and Oi.Int-04 were inserted in the coding regions.
Introduction
Bacillus species are ubiquitous in nature. These organisms have often been isolated from various terrestrial soils and deep-sea sediments. Some Bacillus species have adapted to extreme environments, including high and low temperature, high and low pH, and high salinity.
1,2
The genome sequences of two terrestrial Bacillus species, Bacillus halodurans 3 and B. subtilis, 4 have previously been reported. Through a series of genome analysis studies, it has become clear that the B. halodurans C-125 genome contains 15 kinds of new insertion sequences (ISs), IS641-IS643, IS650-658, IS660, IS662 and IS663, and a group II intron, in contrast to the genome of B. subtilis 168, in which IS elements are absent.
Oceanobacillus iheyensis HTE831, which was isolated from deep-sea sediment collected at a depth of 1050 m on the Iheya Ridge and recently reclassified from the genus Bacillus (formerly Bacillus sp. HTE831), has extremely Communicated by Satoshi Tabata * To whom correspondence should be addressed. Tel. +81-46-867-9643, Fax. +81-46-867-9645, E-mail: takamih@jamstec.go. jp halotolerant and facultatively alkaliphilic properties.
5
The entire genome sequence of O. iheyensis HTE831 has been determined. 6 The O. iheyensis genome possesses 21 genes encoding putative transposases (Tpases) and reverse transcriptases/maturases/endonucleases (RT), similarly to sequences present in the genomes of B. halodurans, Marinococcus halophilus, and Enterococcus faecium. Fourteen of those genes showed similarities to the Tpases of the IS elements categorized into various IS families such as ISL3, 7 IS200/IS605, 8, 9 and IS30, 10 and five were similar to the RT of the group II intron.
In this investigation, we identified and characterized six kinds of new ISs, a group II intron, and a transposonlike element in the 3,630,528-bp genome of O. iheyensis HTE831. We report here the distribution and orientation of the members of each IS and of the group II intron in the genome of strain HTE831, the structure and the target site sequence of each, and the alteration of protein-coding regions mediated by IS elements and the group II intron. The direct repeat sequences flanking each intact element member are defined as TSD. The partial IS element without terminal sequence shorter than 100 bp is not basically defined as an IS element in this table.
Materials and Methods

Identification of the ISs, the group II intron, and the transposon in the HTE831 genome
The regions 600 bp upstream and downstream from each of the Tpase genes identified in our previous study 6 were searched for inverted repeat (IR) sequences, using the GENETYX-Mac program, version 11, from Software Development Co., Ltd. (Tokyo, Japan). Whenever two Tpase genes overlapped or were located close to each other, the region 600 bp upstream from the first Tpase gene and the region 600 bp downstream from the second Tpase gene were searched for IR sequences in a similar manner. When an IR was found in the region flanking a Tpase gene, the regions adjacent to both IRs (IR R and IR L ) were searched for direct repeat sequences, in order to identify target-site duplication (TSD). When an IR was not found, the whole genome sequence of strain HTE831 was searched for sequences showing nucleotide sequence similarity to the flanking regions 600 bp upstream and 600 bp downstream from the Tpase or RT gene, using the BLAST program, version 2.0 (BLAST2), 11 to confirm the IS or group II intron region. The copy number of each IS was determined through a homology search of the entire genome of O. iheyensis HTE831, using BLAST2 in the Genome Gambler system. 12 On the other hand, when a CDS showed a similarity to the Tpase gene of the transposon, the regions 10 kilobase pairs upstream and downstream from the CDS were searched for IR sequences in a similar manner.
Results
Identification and characterization of new IS
elements in the HTE831 genome In the previous study, 6 we found many CDSs that showed homology with Tpase genes carried by various IS elements. In the present study, we identified and characterized six kinds of new ISs with or without terminal IRs and with or without TSDs, which are a direct repeat (DR) of the target-site duplication. All appear to belong to known IS families. Members of each IS and group II intron are listed in Table 1 and their locations are shown in Table 1 Five kinds of IS elements were found to have IRs and to be flanked by TSDs. One of them, at position 637,607-638,972 in the genome ( Fig. 1 and Table 1 ), has imperfect IRs 23 bp long (Fig. 2) . The IS element designated IS667 was found to be flanked by an 8-bp TSD ( Fig. 2 and http://www-is.biotoul.fr/is.html). Moreover, IS667 terminates with 5 -GG-CC-3 , like the majority of the IS elements categorized into the ISL3 family. These findings support the view that IS667 should be categorized as a new member of the ISL3 family ( Table 2 ). The genome of strain HTE831 has five other copies of intact IS667 (IS667-02, IS667-05, IS667-06, IS667-08, and IS667-09) and three other copies of truncated or partially deleted IS667 ( Fig. 3 and Table 2 ). The IS element at position 1,460,085-1,461,433 ( Fig. 1 and Table 1 ) has imperfect IRs 28 bp long, and terminates with 5 -GG-CC-3 , similarly to IS667 (Fig. 2 ). This IS element (1349 bp in length), designated IS668, was found to be flanked by an 8-bp TSD ( Fig. 2 and Table 2 ). IS668 is 52% identical to the nucleotide sequence of IS651, which duplicates an 8-bp sequence at the target site, and IS652 shows significant homology to IS667 as well. The amino acid sequence of the Tpase of IS668 is 40% identical to that of IS651, which is a member of the ISL3 family, and is also 38% identical to that of IS667. Similarly to the case of IS667, the typical DDE motif of the ISL3 family was identified in the ORF of IS668: D (154th a.a.), D (228th a.a.), E (360th a.a.), and K (367th a.a.). These results indicate that IS668 is another new member of the ISL3 family ( Fig. 2 ). This IS element (1024 bp in length), designated IS670, was found to be flanked by a 6-bp sequence ( Fig. 2 and Table 2 ). IS670 is 63% identical to the nucleotide sequence of IS658 belonging to the IS30 family. There are two ORFs overlapping at bp position 255-313 in IS670 (Fig. 3) . It is evident that this occurred due to a frameshift mutation, because the first and second ORFs are both similar to the Tpase of IS658, with 53.1% and 71.4% identity at the amino acid sequence level, respectively. The typical DDE motif identified in the ISs categorized into the IS30 family was found in the second ORF in IS670: D (145th a.a.), D (204th a.a.), E (240th a.a.), and K (247th a.a.). These findings support the view that IS670 should be categorized as a new member of the IS30 family (Table 2 ).
In addition, there are two other new ISs, IS671 and IS672, which carry terminal IRs and generate a TSD. IS671-01 at bp position 1,870,323-1,871,903 ( Fig. 1 and Table 1 ) was found to be flanked by a 6-bp sequence ( Fig. 2 and Table 2 ). IS671 is 51.1% identical to the nucleotide sequence of IS1562 belonging to the IS5 family, 15 identified in the Streptococcus pyrogenes genome. 16 This IS (1581 bp in length) has imperfect IRs 28 bp long and terminates with 5 -GG-CC-3 ( Fig. 2) , similarly to other members of the IS5 family. There are two ORFs overlapping at bp position 672-697 in IS671, analogously to bp position 266-313 in IS670 (Fig. 3) . It is evident that this occurred due to a frameshift mutation, because the first and second ORFs are both similar to the amino acid sequence of the Tpase of IS1562 (44.2% and 36.9% identity, respectively). The DDE motif was found in the second ORF of IS671 as well as other ISs, although the pattern did not have an exact match in any other IS element categorized into the IS5 family. Actually, the pattern of the DDE motif across the IS5 family varies depending on the IS involved.
14 Based on these results, the inclusion of IS671 into the IS5 family seems to be indicated (Table 2) .
IS672-02 at bp position 1,870,323-1,871,903 (Fig. 1  and Table 1 ) has imperfect IRs 25 bp long (Fig. 2 ). This IS element (1285 bp in length) was found to be flanked by a 4-bp sequence ( Fig. 2 and Table 2 ). IS672 is 49.5% identical to the nucleotide sequence of IS150 belonging to the IS3 family, 17 identified in the Escherichia coli K12 genome. 18 There are two ORFs in IS672 (Fig. 3) . Mem- bers of the IS3 family generally have two consecutive and partially overlapping reading frames, ORFA and ORFB, in relative translational reading phases 0 and −1, respectively. It has been demonstrated in at least three cases (IS150, IS3, and IS911) that, in addition to the product of the upstream frame, ORFA, a fusion protein, ORFAB, is generated by programmed translational frameshifting.
14 The second ORF of IS672 is 34.4% identical to the amino acid sequence of the Tpase of IS150, although the first short ORF did not show significant similarity to it. The typical DDE motif identified in the Tpase of the IS3 family was found in the second ORF of IS672 (D, 145th a.a.; D, 204th a.a.; E, 240th a.a.; K, 247th a.a.). These findings support the view that IS672 is another new member of the IS3 family (Table 2) .
Finally, the IS element designated IS669 with no IR or TSD was found to be present at bp position 2,629,894-2,630,632 in the HTE831 genome (Figs. 1-3 and Table 2 ). IS669 is 83% identical to the nucleotide sequence of IS657
13 belonging to the IS200/IS605 family, 8, 9 and the amino acid sequence of the Tpase identified in IS657 is 89% identical to that of IS669. Most of the IS elements categorized into the IS200/IS605 family do not carry IRs and are not flanked by TSD, whereas IS1535 has imperfect IRs 16 bp long, and IS657 and ISEnfa are flanked by 2 or 4 TSD (IS finder: http://www- 
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is.biotoul.fr/is.html). On the other hand, the distinct DDE motif present across the IS200/IS605 family has not been identified. Thus, we concluded that the inclusion of IS669 into the IS200/IS605 family as a new member is valid, as well as that of IS657, because IS669 shares a very high degree of identity with IS657 at both the nucleotide level and the amino acid sequence level. Another copy with a deletion in an IS669 (IS669-01) segment exists (Table 1 and Figs. 1-3 ).
Identification and characterization of the group II intron in the HTE831 genome
Group II introns are catalytic RNAs that function as mobile genetic elements by inserting themselves directly into target sites in double-stranded DNA. 22 The element, designated Oi.Int, has no IRs or TSDs (Fig. 2 and Table 2 ). This element (1889 bp in length) is 66% identical to the nucleotide sequence of the group II intron of B. halodurans designated Bh.Int. 13 The amino acid sequence deduced from the CDS of Oi.Int is 62% identical to the putative RT of the Bh.Int. The amino acid sequence of the putative RT of Oi.Int also showed significant identity to those of group II introns from Clostridium acetobutylicum (58%) 23 and Nitrosomonas europa (49%). 24 On the other hand, the conserved motifs of group II intron ORFs consist of subdomains 0-7 of an RT domain, 25 an X domain 26 and a Zn domain. 27 A catalytic YADD motif in subdomain 5 is well known as part of the active center of the RT. 28 The YADD motif was fully conserved in subdomain 5 of Oi.Int as well as that of Lactococcus lactis (ltrB), 29 and is best revealed in the bacterial group II intron (Fig. 4) . Domains X and Zn were also conserved in Oi.Int, whereas the two domains are generally either poorly conserved or lacking in the bacterial group II intron. It is known that all group II introns are classified into two major subgroups, IIA and IIB, 28 and Oi.Int was found to belong to subgroup IIB, as shown in Fig. 5 . Domain I is the largest among all intron domains, if the optional ORF looping out in domain IV is not taken into consideration. Domain I is involved in the alignment of the 5 splice site (GUGUG) and the recognition of intron-specific target DNA, EBS1 and EBS3. Domain V is the most highly conserved primary sequence within the RNA core of the group II intron, and plays a key role in splicing. Domain V binds ORF is encoded completely within domain IV. An asterisk indicates the lariat branch point A. Group II intron splicing occurs through the following two-step transesterification: the 2 -OH group of a conserved intron adenosine residue in domain VI attacks the phosphodiester bond at the 5 splice site, forming a lariat form of the intron that contains the 2 -5 linkage and releasing the 5 exon; then, the 3 -OH liberated at the end of the upstream exon attacks the 3 splice site, resulting in exon ligation and intron release. 28 domain I extensively to form a catalytic core with longrange tertiary interaction. In domain V of Oi.Int, potential tertiary parings (ζ-ζ , λ-λ , and κ-κ ) were identified in a consensus model. 28,30−32 Domain VI forms a relatively variable structure. Most of the group II introns have a bulging A on the 3 side of the basal helix of domain VI, at either seven or eight nucleotides from the 3 splice site. A branch point of Oi.Int was found seven nucleotides from the 3 splice site (AU). These findings support the view that Oi.Int should be categorized as a new member of the group II intron class, although the splicing of Oi.Int has not been confirmed experimentally. The HTE831 genome contains four other copies of the element (Oi.Int-01, and -03 to -05) and a truncated copy of Oi.Int (Oi.Int-02) ( Table 1 , Figs. 1 and 3 ).
Identification and characterization of the transposon-like element in the HTE831 genome
The proteins deduced from the three CDSs (OB485, OB486, and OB487) showed significant similarity to the Tpase of Tn1546 classified in the Tn3 family. 33 The amino acid sequence of OB485 (182 a.a.) was 88.9% identical to that of the region from the 546th to the 691st amino acid of the Tpase consisting of 988 amino acids. Similarly, the amino acid sequences of two other proteins were 90% and 86% identical to those of the regions from the 743rd to the 862nd (OB486) and from the 889th to the 988th (OB487) amino acids of the Tpase, respectively. Thus, the Tpase appears to be divided into three parts in the HTE831 genome, although the total length of the amino acid sequence of these three proteins cover only 42% of whole region of the Tpase of Tn1546 (Fig. 6A) . 
Tn1546 identified in the
the HTE831 genome, the nucleotide sequences downstream from OB487 and upstream from OB485 were searched for terminal IRs and TSDs. We found that an 8521-bp fragment containing OB485-OB487 had IRs and was flanked by a TSD (Fig. 6A) . The fragment at bp position 507,968-516,488 in the HTE831 genome had perfect IRs 38 bp long and was found to be flanked by a 5-bp TSD (Fig. 2 and Table 1 ). The nucleotide sequences of the IRs were almost identical to those of Tn1546 possessing imperfect IRs (Fig. 6A) . In addition, it was found that there are five other CDSs in the element designated Tn8521oi, excluding the three Tpase parts, whereas Tn8521oi lacks the resolvase identified in Tn1546. The amino acid sequences of the proteins deduced from the three CDSs (OB481-OB483) were similar to those of the gerKC (48%), gerKB (54%), and gerKA (55%) gene products encoding a spore germination protein identified in B. cereus. OB480, 73.3% identical to the amino acid sequence of the yraG gene product identified in B. subtilis, was annotated as a spore coat protein, and the amino acid sequence of OB484 was 52.6% identical to that of aldehyde dehydrogenase (BH1005) identified in B. halodurans. Thus, the element designated Tn8521oi appears to be a trace of the transposon unit, which has carried a spore germination (ger) gene cluster, a spore coat protein gene, and an aldehyde dehydrogenase gene to the HTE831 genome, because Tn8521oi lacks the complete form of the Tpase and resolvase, which play an important role in autonomous transposition.
Alteration of protein-coding regions mediated by
ISs and the group II intron In order to investigate how CDSs are affected by ISs and the group II intron of the genome, the CDSs in the regions adjacent to each IS were analyzed. The nucleotide sequence of the 3-kb region upstream and the 3-kb region downstream from all intact IS elements identified in this study were extracted using "ExtremoBase" from the entire genome sequence of the HTE831 genome database (http://www.jamstec.go.jp/ jamstec-e/bio/DEEPSTAR/FResearch.html). The 6-kb sequence from which the IS region was excised (Fig. 7) was searched for CDSs to nr-aa protein database using BLAST2. Although most of the IS elements widely distributed throughout the genome were inserted in noncoding regions, at least two CDSs located downstream from the Tpase were likely affected by the insertion of two kinds of IS elements (IS667-08 and IS668-02). As shown in Fig. 7A, OB2341 and OB1417 appear to have occurred due to the truncation of the original CDS by IS insertion. OB2341 has been annotated as a kinaseassociated protein B, but the function of OB1417 is still unknown. The gene encoding OB1417 appears to have become 59 bases longer than the original one through the insertion of IS668-02, and in the case of OB2341, the size of the original gene product (133 a.a.) appears to have increased to 140 amino acids with the insertion of IS667-08. Thus, among the 12 intact ISs of six kinds identified in this study, two intact IS elements of two kinds consequently seem to have affected each CDS by their insertion.
On the other hand, as shown in Fig. 7B , the CDS OB2243 located downstream from the RT of Oi.Int-04 was found to be affected by insertion through retrohoming or retrotransposition, although three other intact Oi.Ints were inserted in noncoding regions, as in the case of Bh.Int identified in the B. halodurans genome.
13
The example of a group II intron inserted in the coding sequence region is very unusual even in other bacterial genomes. 35, 36 In fact, Oi.Int-04 was inserted at the position between the 2nd and 3rd letter in the 149th codon of OB2243, creating a stop codon (TAG). Assuming that the self-splicing of Oi.Int-04 occurs in the HTE831 genome, whereas no example is known thus far of a group II intron being inserted in the coding region with opposite transcriptional direction to the coding sequence, another stop codon (TAA) will occur at the same position instead of TAG due to the intrinsic nucleotide sequence of the genome, and, eventually, no change will occur in the amino acid sequence of OB2243.
Discussion
We searched the entire genome of strain HTE831 for transposable elements such as IS, transposons, and group II introns. Nineteen new ISs of six kinds, classified into the ISL3, IS200/IS605, IS3, IS5, and IS30 families, were identified in the genome, although their variety and number are much fewer than the 120 found in the B. halodurans genome that were categorized into 15 groups. 13 Most ISs found in the HTE831 genome belong to known IS families reported in other Bacillus strains, but out of the IS5 family, IS671 is the first to be identified in a Bacillus genome (Table 3) . On the other hand, ISs belonging to IS4 family (the most common type of ISs found in bacilli) were not found in the HTE831 genome. IS elements belonging to the ISL3 family have been reported only in B. halodurans C-125 to date, but two other new members (IS667 and IS668) showing significant similarity to those identified in strain C-125 were found in the HTE831 genome in this study. It is intriguing that the IS elements identified in B. halodurans were found in species phylogenetically distant from each other. The group II intron and members of  families IS3, IS4, IS6, IS21, IS30, IS200/IS605, IS256,  IS481, IS630, IS650/IS653, IS656/IS662, IS660/IS1272,  IS982, strains. As described above, four copies of intact Oi.Int were found in the HTE831 genome, and one was inserted in the coding sequence region. To the best of our knowledge, this is the first example among bacilli of a group II intron present in the coding sequence region. A trace of the transposon unit, designated Tn8521oi and consisting of 8521 bp, is present in the HTE831 genome. A ger gene cluster composed of three CDSs (OB481, OB482, and OB483) was found in the Tn8521oi element (Fig. 6A) . The HTE831 genome has two other paralogous gene clusters located at 73
• and 114
• , respectively, on the circular chromosome, if the 12 o'clock position of the oriC region is assigned 0
• . The genome of B. subtilis 168 has five gene clusters (gerA, gerB, gerK, yndDEF, and yfkQRT ) orthologous to the ger gene cluster carried to the HTE831 genome by Tn8521oi, although the gerBC gene product did not show significant homology to the amino acid sequence of the putative corresponding protein (OB481) in the fifth gene cluster located at 315
• (Fig. 6B) . The spores are thought to recognize germinants such as L-alanine, L-valine, L-asparagine, glucose, fructose, and KCl through receptor proteins encoded by the gerA family of operons, which includes gerA, gerB, and gerK. 37 To substantiate the receptor function of the gerA family of operons in spore germination, a mutant B. subtilis strain lacking all three gerA-like operons was constructed, as well as two putative gerA homologs, yndDEF and ykfQRT, and it has been confirmed that spores lacking all gerA-like operons germinate at a very low frequency in rich media, compared to singlemutant spores lacking one gerA-like operon. Moreover, it has been concluded that the products of the gerA, gerB, and gerK operons play a major role and the predicted proteins encoded by yndDEF and yfkQRT play a minor role in nutrient-induced spore germination, because the gerA-gerB-gerK triple-mutant spores behaved identically to the quintuple-mutant spores. 38 The HTE831 genome has only three paralogous ger gene clusters, even when including the one acquired by the insertion of Tn8521oi, in contrast to five in the case of B. subtilis, and four in Table 3 . IS family members identified in the genome of Bacillus-related species. 3 Therefore, the acquisition of spore-related genes due to the insertion of a transposon seems to be very unusual in bacilli.
